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OXIDATIVE HALOGENATION AND OPTIONAL DEHYDROGENATION 

OF C3+ HYDROCARBONS 

This invention pertains to a process for the oxidative halogenation and optional 
5 dehydiogenation of a reactant hydrocarbon having three or more carbon atoms (hereinafter 
referred to as a "C3+ hydrocarbon'*)- For the purposes of this discussion, the term 
"oxidative halogenation and optional dehydrogenation'* shall refer to a process wherein a 
reactant hydrocarbon having three or more carbon atoms, or a halogenated derivative 
thereof, is contacted with a source of halogm and, optionally, a source of oxygen so as to 

10 form a halogenated hydrocarbon product having three or more carbon atoms and having a 
greater number of halog» substituents as compared witii the reaetant hydrocarbon, and 
optionally, an olefinic hydrocarbon product having three or more carbon atoms. 

Olefinic C3+ hydrocarbons and halogenated C3+ hydrocarbons, for example, 
prop^e, cihloropropanes, and chloropropenes, more prefoably, propene, did^oroptopane, 

15 and aHyfciiioride, firid utility in a broad spectrum of applicationis^ Propene (or.propyleae)'is 
an important olefin feedstock for inany useful products, such as polypropylene, isof^ropyl 
alcohol, and cumene. Didiloroprqpane is usefiil in finnigants and solvent in^ Allyl 
chloride is a precursor to allyl alcohol and epichlorohydrin, f ^ 

While there are several imownth^ods for prq)aring propene by the ^ ' 

20 dehydrogenaitioh of propane, none are practiced oh a commercial scale, because the metiiods 
are too energy and capital intensive^ Propene is produced mainly as a cO-product in two 
major petrochemical processes: steam mcking, from which the major products are ethylene^ 
propene, butenes and butadiene, and catalytic cracking, fiom widdi the major pripducts are 
naphtha (gfisbline), propene, and butenes. Both of ^c^. prpcess^s^ essenti^ly^ all of 

25 tiie.prepmettmt the iip to, tUs;time,rAs^^ more 

rapidly tl^n the market for eft ? . 

propene that is not tied tp. these other products. ^; 

\. ■■^^iiii^e cSrlxm as^^ft]^i^ei^tiS^^ 

30 halpgenatjpdihych^^ 

route " is described in the following representative art of IC. Weissermel and H.-J.-/^^ ^ 
'""Industrial Organic Chemistry\ 2"^ edition, VCH Verlagsgesellschaft mbH, Weinheim, pp. 
291-293. The process, while efficient, is disadvantageously conducted at high temperatures. 
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The reactions of halogens with saturated C3+ hydrocarbons by both-na^atalyzed and 
catalytic routes have also been reported in the art; see for example, Olah and Molnar 
^'Hydrocarbon Chemistry,'' John Witey& Sons, 1995, pp, 415-432. and Wittcoff and 
Reuben ^'Industrial Organic Chemicals;' John Wiley & Sons, 1 996, pp. 338-34 1 . Catalyzed 
5 routes are also reported by Weissermel and Aipe, Ibid, p. 292. The catalyzed routes are not 
PJ^<^ticed conunerdallyrbecause the "hot chlorinati 

effective. In the catalyzed process, however, the reactant hydrocarbon is contacted under 
reaction conditions with a source of halogen and, optionally, a source of oxygen in the 
presence of an oxidative halogenation catalyst Typically, the catalyst contains a copper 
10 conipound, an iron compound, or cetium oxide, optionally, with one or more alkaM^ 

alkaline.earth metal dilorides, and/or optionally, with one or more rare earth compounds, 
supported on an inert earner, typicdly aluniina, siUca, or an alimii^^ 

DisadvanfagTOiK sly, the ca tal >^ 

quantity of highly halogenated products^ ihchiding perfialogenated products, whicb we less ■ " ~ 
15 desirable than themonohalogenatedand dihalogenated products. As a further disadvantagie, 
the prior art pn)ccsses produce an imacceptable quantity of deep oxidation producte 
specifically^ carbon monoxide and carbon dioxide. The production of lower value Kghly 
halogenated products and undesina>le oxidized pn>ductsin'etrievabl^ ; ' " 

hydrocarbon feed said creates product separation and by-product disposal problems. As a - 
2 0 further disadvantage, many of flie transition metal halides used as catalysts for this type of 
pn)cess exiiibit significant vapor pressure at reaction temp^atures; that is, 
are volatile. The volatility genersdly produces a decline in catalyst activity and/or deposition 
of con'Qsive niaterids in downstriea^ 

* V^; ofhydrocarbons 
2% "Mng%ifeerWl^^ 

^ono- and di-halogenated hydrocarbon prodiicts. Acpoxdingly, an increase in Sjelectiyity to 

hydrocarbons, preferably, mono- and di-halogenated C3+ hydrocarbons, such as' 
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dichloropropane and allyl chloride, and optionally, to unsaturated hydrocari)oiH>roducts, 
preferably olefins, should be more attractive. 

This invention provides for a novel oxidative halogenation and optional 
dehydrogenation process of preparing a halogenated C3+ hydrocarbon, and optionally, a 
C3+ olefinic hydrocarbon. The novel process of this invention comprises contacting a 
reactant hydrocarbon having three or more carbon atoms (a C3+ hydrocarbon), or a 
halogenated derivative thereof with a source of halogen and, optionally, a source of oxygen 
in the presence of a catalyst under process conditions sufficient to prepare a halogenated 
hydrocarbon product having three or more carbon atoms (a halogenated C3+ hydrocarbon) 
and having a greater numbo* of halogoi substituents as compared with the reactant 
hydrocarbon. Optiorudly, a second i»oduct is produced comprising an olefinic hydrocarbon 
having Oiree or more carbon atoms. In this process, it is prefmed to employ the source of 
oxygerL The catalyst employed in ibis proce^ comprise^ ai rare earth halide or rare earth 
oxyhidide compound substantiaUyfiree of ooppo' ar^ 

cerium is present in the catalyst, at least one other We ea^ element is also preset in the 
catalyst 

The novel oxida^ve halogenation and optional dehydrogenation process of diis 
invention advanta^ously converts a reactaht hydrocarbon^liaving three or more carbon 
atoms, or a halogenated derivative thereof in the presence of a source of halogen and, 
preferd^ly, a source of oxygoi mto a halogenated hydroc^^ 

carbon atoms and having an increased number of halog<^'s^ as compared with the 

reactant hydrocarbon. Optionally, a second hydrocarbori pro^ may be concurrently 
produced coinprising a C3+ olefiiuc hydrocarbo^^^^ 

of ttiis inymtion can be benefi<nally employed to o»d|dye|^ cUpruiate propane in the 
presence ofhydrogendiloride arid 03^gm to aUylchlon^^ ; 
widi prior art processes, the process of this inventiori advantageously produce halogenated 

•^optio^pbl 

pcrtMpgeaiatedtludocarbon by 

such as, carbon monoxide and carbon dioxide. The lower selectivity to perhaogmated 
halocarbons and undesirable oxygenated by-products correlates with a more efficient use of 
reactant hydrocarbon, a higjier productivity of the desired lower halogenated hydrocarbon 
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products and optional olefin, and fewer separation and waste disposal probl^M. As an 
additional advantage, the less desired product formed, either olefin or halogenated product 
as the case may be, may be recycled to the oxidative halogenation process to maximize the 
production of the more desired product 

In addition to the above advantages, the catalyst employed in the process of this 
invention does not require a conventional-carrier or support, such as alumina or silica. 
Instead, the catalyst employed in this invention beneficially comprises a rare earth halide or 
rare eaift oxyhalide compound that uniquely functions both as a catalyst siq}port and as a 
source of a further catalytically active rare earth component Unlike many heterogeneous 
catalysts of the prior art, the raire earth halide catalyst of this inventioii is beneficially soluble 
in water. Accordingly, should process equipment, such as filters, valves, circulating tubes, 
and small or intricate parts of reactors, become plugged with particles of the rare earth 
halide catalyst; then a simple water wash can advantageously dissolve the plugged particles 
and restoire tihe equipment to woiidng order. As a fiirther advantage, the catalysts used in 
the process of diis invention are significantly less volatile, as compared with the prior art 
cataljrsls. Accordingly, the rare earth halide and rare eiartfa oxyhalide catalysts employed in 
the process of fliis invention ix>ssess an acceptable^xeaction rate and a long lifetime, and 
further, ponesent essentially no downstream contamiiiation or corrosion problems. 

All of the aforementioned properties render the process of ttiis invention uniquely 
attractive for converting a rieactant C3+ hydrocarbon, or a halogenated doivative thereof 
into a halogenated C3+ hydrocarbon having a greater number of halogen isubstituents than in 
flie reactant hydrocarbon, and optionally, into a co-product C3+ plefinic hydrocarbon. In 
preferred anbddiments of this invoitipn, monor and/pf di-halo^mated hydmcarbon . 
products are selectivdy iiroduo^ the olefin. As a most preferred advantage, the 

process of thii^'invaitioh can biadaidyiBly dehydrogenate ai^d Ualogenate propane selectivity . 
to propene and ihonohalogenated propene, prefoably, allyl chloride or allyl bromide. 
V^S^lS^iP:*^ <a>ti<>nal ide^^ 

.iMii^^^iSi^&^i^S^ 

preferably tnono- and/or 'di^haldgon^ hydrbbaibbii;p^ 

atbnt^, arid ah optidhal olefihic c6-pix>duct are selectively produced with essentially iio 
formation of perhalogenated chlorocarbon product and with advantageously low levels of 
undesirable oxygenated by-products, such as, COx oxygenates (CO and CO2). The novel 
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process of this invention comprises contacting a hydrocarbon having three OF«K>re carbon; 
atoms (a C3+ hydrocarbon), or a halogenated derivative thereof, with a source of halogen ' 
and, optionally, a source of oxygen in the presence of a catalyst under process conditions 
sufficient to prepare a halogenated hydrocarbon product having three or more carbon atoms 
(a halogenated C3+ hydrocarbon) and having a greater number of halogen substituents as 
compared with the reactant hydrocarbon. Optionally, a co-product comprising an olefin 
having three or more carbon atoms is formed in the process. In a preferred embodiment of 
the invention, the source of oxygen is employed. The unique catalyst employed in the 
oxidative halogenation and optional dehydrogenation process of this invention comprises a 
rare earth halide or rare earth oxyhalide compound that is substantially free of copper and 
iron, with the further proviso that v/hen cerium is present in the catalyst, at least one other 
rare earth element is also present in tfie catalyst. 

The term "oxidative halogenation and optional dehydrogenation'* shall in some 
occurrences hereinafter be simplyTeferred to "oxidative halogeiiation." This shortened term 
is used for convenience only and shall not limit the process in any fashion. The process of 
this invention shall include both halogenation reactions wherein halogenated products are 
formed as well as dehydrogenation reactions wherein less saturated hydrocarbon products 
(for example, olefins) are fonned, as compared with the reactant hydrocarbons (for example, 
alkanes). 

In a preferred embodiment of this invention, the process produces as a co-product a 
C3+ olefin^ preferably, propylene. The co-product olefin can be advantageously recycled to 
the oxidative halogeiiation process for fiirtfaer processing to halogenated hydrocarbons, 
preferably, allyl chloride. 

In another preferred embodiment of this invention, the halogenated hydrocarbon 
pix)duct^ suc^^ fhalp^jmatiqiK^ 
fiirtherprodESsihgtoblefinicproducts,^^^s^^ ^j:-':".' -^-^V^ : t t n..: 

In a moie preferred embodiment of this invention, the process comprises contacting 
propane with a source of halogen and, optionally, a source of oxygen in the presence of a 
catalyst under process conditions sufficient to prepare allyl halide and propylene, the 
catalyst comprising a rare earth halide or rare earth oxyhalide that is substantially free of 
copper and iron, with the further proviso that when cerium is present in the catalyst, at least 
one other rare earth element is also present in the catalyst. In a most preferred embodiment, 
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the source of halogen is hydrogen chloride; the halogenated C3h- hydrocarboaiiroduced is 
allyl chloride; and the co-product olefin produced is propylene. 

With respect to the catalyst, in a preferred embodiment, the rare earth halide or rare 
earth oxyhalide catalyst is "porous," which, for the purposes of this invention, means that 
the catalyst has a surface area of least 5 mVg, as determined by the BET (Bnmauer-Emmet- 
Teller) method of measuring surface area, described by S. Brunauer, P. H. Emmett, and E. 
Teller, Journal of the American Chemical Society, 60, 309 (1938). In another more 
preferred embodiment of this invention, the rare earth halide is lanthanum chloride, and the 
rare earth oxyhalide is lanthanum oxychloride. 

The reactant hydrocarbon used in the oxidative halogenation process of this 
invention comprises a hydrocarbon having three or more carbon atoms or a halogenated 
hydrocarbon having three or more carbon atoms, either being capable of acquiring more 
halogen substituents in accordance with the process described herein. The halogen 
substStuent of the halogenated reactant hydrocarbon is preferably selected from chlorine, — - 
bromine, iodine, and mixtures diereof, more preferably, chlorine and bromine. One, two, or 
three halogen substituents may be present on the halogenated hydrocarbon; but for the 
purposes of this invention the reactant halogenated hydrocarbon is not a perhalogenated 
compound, as in hexachloropropane. Different halogen substituents may be suitably preset 
in the halogenated hydrocarbon reactant, as illustrated by bromochloropropane and the like. 
Suitable examples of reactant hydrocarbons and reactant halogenated hydrocarbons include, 
without limitation, alkanes and alkenes, and halogenated derivatives thereof, including 
propane, butane, pentane, chloropropane, chlorobutane, dichloropropane, dichlorobutane, 
bromopropane, bromobutane, dibromopropane, dibromobutane, bromochloropropane, and 
the like, including higher homologues thereof Likewise, cyclic aliphatic hydrocarbons, 
^#Gh^as:^c^^^ 

cumene, including alkyl and halo substituted cyclic aliphatlcs^ a^^ 
employed. Prefer^jly, the reactant hydrocarbon or re^^ 

C3-20 hydrocarbon, more preferably, a C3.10 hydrocarbon. The most preferred reactant * 

hydrocarbon is selected from propane and propene. The reactant hydrocarbon may be 

provided to the oxidative halogenation process as a pure feed stream, or diluted with an inert * 

diluent as described hereinafter, or as a mixture of reactant hydrocarbons, optionally, further 

in combination with an inert diluent. 
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The source of halogen, which is employed in the process of this invention, may be 
any inorganic or organic halogen-containing compound that is capable of transferring its 
halogen atom(s) to the reactant hydrocarbon. Suitable non-limiting examples of the source 
of halogen include chlorine, bromine, iodine, hydrogen chloride, hydrogen bromide, 
hydrogen iodide, and halogenated hydrocarbons having one or more labile halogen 
substituents (that is, transferable halogen substituents). Examples of the latter include 
perhalocarbons, such as carbon tetrachloride and carbon tetrabromide, as well as highly 
halogenated hydrocarbons having, for example, three or more halogen atoms. Non-limiting 
examples of highly halogenated hydrocarbons having three or more halogen substituents, at 
Ipast one substituent of which is labile, include chloroform and tribromomethane. 
Preferably, the source of halogen is a source of chlorine or a source of bromine, more 
preferably, hydrogen chloride or hydrogen bromide, most preferably, hydrogra chloride. 

The source of halogen may be provided to die process in any amount that is effective 
in producing the desired halogenated hydrocarbon product. "Typically, the amount of • 
halogen source will vary depending upon the specific process stoichiometry, the reactor 
design, and safety considerations. It is possible, for example, to use a stoichiometric amount 
of halogen source with respect to the reactant hydrocarbon or with respect to oxygen, if 
oxygen is present. Alternatively, the soiirce of halogen may be used in an amount that is 
greater or less than the stoichiometric amount, if desired. In one embodiment illustrative of 
the invention, propane can be oxidatively chlorinated with chlorine to form chloropropane 
and hydrogen chloride, the stoichiometric reaction of which is shown in Equation (I) 
hereinafter: 

CH3CH2CH3 + CI2 CH3CHCICH3 + HCl 

The aforementioned process, which does not emi^loy oxygen, would usually be conducted at 
a stoichiometric molar ratio of chlorine to propane or at a higher than stoichiometric niolar 
ratio of chlorine to propane (molar ratio >1 CI2 : 1 CH3CH2CH3), and preferably, would be 
conducted in an excess of chlorine to ensure complete conversion of propane. In this 
embodiment of the invention, the molar ratio of source of halogen to reactant hydrocarbon is 
generally greater than 1/1, preferably, greater than 2/1, and more preferably, greater than 
4/1 . Generally, in this embodiment of the invention the molar ratio of source of halogen to 
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reactant hydrocarbon is less than 20/1, preferably, less than 15/1, and more p^ably, less 
than 10/1. 

In another embodiment illustrative of the invention, propane can be oxidatively 
chlorinated and dehydrogenated with hydrogen chloride in the presence of oxygen to 
> produce allyl chloride, propylene, and water, the stoichiometric reaction of whid, Ls shown 
hereinafter in Equation (D): 

2 CH3CH2CH3 + HCl + 1.5 O2 -> CH2=CHCH3 + CHz^CHCH^CI + 3 H2O 

ai) 

This embodiment of the process, which employs oxygen, is usually conducted "fuel-rich," 
due to safety considerations. TTie tenn "fuel-rich" means that oxygen is the limiting reagent 
and a molar excess of reactant hydrocarbon is used relative to oxygen. Typically, for 
example, the molar ratio of hydrocarbon to oxygen is chosen for operation outside the foel- 
rich flammability limit of the mixture, although this is not absolutely required. In addition. 
a stoichiometric molar ratio of hydrogen halide to oxygen (for example, 1 HCl : 1.5 O2) is 
typically employed to ensure complete reaction of both the source of halogen and oxygen. 

A source of oxygen is not required for the process of this invention; however, use of 
a source of oxygen is preferred, particularly wh«i the source of halogen contains hydrogen 

atoms. The source ofoxygen can be any oxygen-containing gas, such as. commercially pure 
molecular oxygen, air, oxygen^ched air. or a mixture ofoxygen with a diluent gas that 
does not int«fere with the oxidative halogenation process, such as, nitrogen, argon, helium, 
carbon monoxide, carbon dioxide, methane, and mixtures thereof. As noted above, when ' 
oxygen is employed, the feed to the oxidative halogenation reactor is generally fuel-rich. 
Typically, the molar ratio of reactant hydrocarbon to oxygen is greater than 2/1. preferably. 

hydrocarbon tooxygen is less than20/i;preferably, lesslhan 15/^ ' 

Based on the description hereinabove, one skilled in the art will know how to 
determine the molar quantities of reactant C3+ hydrocarbon, source of halogen, and source 
ofoxygen suitable for reactant combinations different from those illustrated herein. 

Optionally, if desired, the feed, comprising reactant hydrocarbon, source of halogen, 
and optional soui-ce of oxygen, can be diluted with a diluent or carrier gas, which may be 
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any essentially non-reactive gas that does not substantially interfere with thejcuudative 
halogenation process. The diluent may assist in removing products and heat from the 
reactor and in reducing the number of undesirable side-reactions. Non-limiting examples of 
suitable diluents include nitrogen, argon, helium, carbon monoxide, carbon dioxide, 
5 methane, and mixtures thereof. The quantity of diluent employed is typically greater than 
10 mole percent, and preferably, greater than 20 mole percent, based on the total moles of 
feed to the reactor, that is, total moles of reactant hydrocarbon, source of halogen, source of 
oxygen, and diluent The quantity of diluent employed is typically less than 90 mole 
percent, and preferably, less than 70 mole percent, based on the total moles of feed to the 
10 reactor. 

The catalyst employed in the oxidative halogenation process of this invention 
comprises, in one aspect, a rare earth halide compound. The rare earths are a group of 1 7 
elements consisting of scandium (atomic number 21), yttrium (atomic number 39) and flie 
lanthanides (atomic numbers 57-71) [James B. Hedrick, U.S.'Geological Survey - Minerals 

15 Information - 1997, "Rare-Earth Metals"]. Preferably, herein, the terai is taken to mean an 
element selected from lanthanum, cerivmi, neodymiimi, praseodymium, dysprosium, 
samarium, yttrium, gadolinium, erbium, ytterbium, holmium, terbium, europium, thuliimi, 
lutetium, and mixtures thereof. Preferred rare earth elements for use in the aforementioned 
oxidative halogenation process are those that are typically considered as being single 

2 0 valency metals. The catalytic performance of rare earth halides using multi-valency metals 
appears to be less desirable than rare earth halides using single valency metals. The rare 
earth element for tills invention is preferably selected from lanthanum, praeseodymium, 
neodymium, and mixtures thereof. Most preferably, the rare earth element used in the 
catalyst is lanthamrai or a mixture of lanthanum with other rare earth elements. 

25 y;^^ earth, halide is represented by Ae fo 

least one rare earth element selected from the group consistinjg of lanthanum, cerium, 
neodymium, praseodymium, dysprosium, samarium, yttrium, gadolinium, erbium, 
ytterbium, holmium, terbium, europium, thulium, lutetium, and mixtures thereof; and 
wherein each X is independently selected from chloride, bromide, and iodide. More 

30 preferably, X is chloride, and the more preferred rare earth halide is represented by the 

formula MCI3, wherein M is defined hereinbefore. Most preferably, X is chloride and M is 
lanthanum or a mixture of lanthanum with other rare earth elements. 
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In a preferred embodiment, the rare earth halide is porous, meaning tl^typically the 
rare earth halide has a BET surface area of greater than 5 mVg. Preferably, the BET surface 
area is greater than about 10 m^/g, more preferably, greater than about 15 m^/g, even more 
preferably, greater than about 20 m^/g, and most preferably, greater than about 30 m^/g. For 
these above measurements, a nitrogen adsorption isotherm was measured at 77K and ttie 
surface area was calculated fiom the isothenm data utilizing the BET method, as referenced 
earlier herein. 

In another aspect, the catalyst employed in this invention comprises a rare earth 
oxyhalide, the rare earths being the seventeen elements identified hereinabove. Preferably, 
the rare earth oxyhalide is represented by the formula MOX, wherein M is at least one rare 
earth elemmt selected fi-om the group consisting of lanthanum, cerium, neodymium, 
praseodymium, dysprosium, samarium, yttrium, gadolinium, erbium, ytterbium, hohnium, 
terbium, europium, thulium, lutetium, and mixtures thereof and wherein each X is 
independenfly selected fi-om the group consisting of chloride, bromide, and iodide. More 
preferably, the rare earth halide is a rare earth oxychloride, represented by the formula 
MOCl, wherein M is defined hereinbefore. Most preferably, X is chloride, and M is 
lanthanum or a mixture of lanthanum with other rare earth elements. 

In a preferred embodiment, the rare earth oxyhalide is also porous, which generally 
implies a BET surface area of greater than about 12 m^/g. Preferably, the rare earth 
oxyhalide has a BET surface area of greater than about 15 mVg, more preferably, greater 
thmi about 20 m^/g, and most preferably, greater than about 30 m^/g. Generally, the BET 
suifacp area of the rare earth oxyhalide is less than about 200 mVg. In addition, it is noted 
that the MOCl phases possess characteristic powder X-Ray Diffraction (XRD) patterns that 
arq distinct fi*om the MCI3 phases. 

r ;, ■ ; In g^^ ij^a!^ of Sxidatidn^^.;f . 

reduction ^redox) lis und^^ Redox metals t)T>icaliy ^ 

more than one stable oxidation state, such as iron, copper, and manganese. The rare 6 
halide or oxyhalide catalyst of this invention is specifically required to be substantially ft-ee 
of copper and iron. The term "substantially fi-ee" means that the atom ratio of rare earth 
element to redox metal, preferably iron or copper, is greater than about 1/1, preferably 
greater than about 10/1, more preferably greater than about 15/1, and most preferably greater 
than about 50/1 , In addition, cerium, a lanthanide rare earth element, is known to be an 
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oxidation-reduction catalyst having the ability to access both the 3^ and 4"*" oxidation states. 
For this reason, if the rare earth metal is cerium, the catalyst of this invention farther 
comprises at least one more rare earth metal other than cerium. Preferably, if one of the rare 
earth metals is cerium, the cerium is provided in a molar ratio that is less than the total 
amount of other rare earth metals present in the catalyst. More preferably, however, 
substantially no cerium is present in the catalyst. By "substantially no cerium" it is meant 
that any cerium present is in an amount less than about 10 atom percent, preferably, less 
than about 5 atom percent, and even more preferably, less than about 1 atom percent of the 
total rare earth components. 

In an alternative embodiment of this invention, the rare earth halide or rare earth 
oxyhalide catalyst, described hereinbefore, may be bound to, extmded with, or deposited 
onto a conventional catalyst support, such as alumina, silica, silica-alumina, porous 
aluminosilicate (zeolite), silica-magnesia, bauxite, magnesia, silicon carbide, titaniimi oxide, 
zirconium oxide, zirconium silicate, or any combination thereof. In this embodiment, the 
conventional support is used in a quantity greater than about 1 weight percent, but less than 
about 90 weight percent, preferably, less than about 70 weight percent, more preferably, less 
than about 50 weight percent, based on the total weight of the catalyst and catalyst support. 

It may also be advantageous to include other elements within the catalyst. For 
example, preferable elemental additives include alkali and alkaline earOis, boron, 
phosphorous, sulfur, germanium, titanium, zirconium, hafiiium, and combinations thereof. 
These elements can be present to alter the catalytic performance of the composition or to 
improve the mechanical properties (for example attrition-resistance) of the material. . In a 
preferred embodiment, the elemental additive is calcium. In another preferred embodiment, 
tKe~elemOTtal"additiW^is~not^^ 
j4<Utiye^iff 

thatt sfliom 20:iv((eij^ orf the totM^eight:of the catalyst. .v^ .-iUSM^ ' i 

• i-jTievn^ and rare earth oxyhalide compounds may be obtain<^ r 

commercially or prepared by methods published in the art. A method currently felt to be 
preferable for forming the porous rare earth oxyhalide (MOX) comprises the following 
steps: (a) preparing a solution of a halide salt of the rare earth element or elements in a 
solvent comprising either water, an alcohol, or mixtures thereof; (b) adding a base to cause 
the formation of a precipitate; and (c) collecting and calcining the precipitate in order to 
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form the MOX. Preferably, the halide salt is a rare earth chloride salt, for example, any 
commercially available rare earth chloride. Typically, the base is a nitrogen-containing base 
selected from ammonium hydroxide, alkyl amines, aryl amines, arylalkyl amines, alkyl 
ammonium hydroxides, aryl ammonium hydroxides, arylalkyl ammonium hydroxides, and 
5 mixtures thereof. The nitrogen-containing base may also be provided as a mixture of a 
nitrogen-containing base with other bases that do not contain nitrogen. Preferably, the 
nitrogen-containing base is anmionium hydroxide or tetra(alkyI)ammonium hydroxide, more 
preferably, tetra(Cu2o aIkyl)ammonium hydroxide. Porous rare earth oxyhalides may also 
be produced by appropriate use of alkali or alkaline earth hydroxides, particularly, with the 

10 buffering of a nitrogen-containing base, although caution should be exercised to avoid 
producing substantially the rare earth hydroxide or oxide. The solvent in Step (a) is 
preferably water. Generally, the precipitation is conducted at a tCTiperature greater than 
about O^C, Generally, the precipitation is conducted at a temperature less than about 200**C, 
preferably, less than about lOO^C. The precipitation is conducted generally at about~ambient 

15 atmospheric pressure, although higher pressures may be used, as necessary, to maintain 
liquid phase at the precipitation temperature employed. The calcination is typically 
conducted at a temperature greater than about 200^C, preferably, greater than about 300^C, 
and less than about SOCTC, preferably, less than about 600X. Production of mixed 
carboxylic acid and rare earth halide salts also can yield rare earth oxyhalides upon 

20 appropriate decomposition. 

A method currently felt to be preferable for forming the porous rare earth halide 
(MX3) catalyst comprises' the foll6wing steps: (a) preparing a solution of a halide salt of the 
rare <earth element or elements in a solvent comprising either water, an alcohol, or mixtures 
thSeof; (b)~¥dding^ 

Preferably, the rare 
availstbie ime^^e^^ 

hereinbefore in connection with the formation of MOX. Preferably, the solvent is water, 
and the base is a nitrogen-containing base. The precipitation is generally conducted at a 
30 temperature greater than about 0**C and less than about 200*'C, preferably less than about 
lOO'^C, at about ambient atmospheric pressure or a higher pressure so as to maintain liquid 
phase. The calcination is typically conducted at a temperature greater than about 200°C, 
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preferably, greater than about 300''C, but less than about 800''C, and preferahly^less than 
about 600**C. Preferably, the halogen source is a hydrogen halide, such as hydrogen 
chloride, hydrogen bromide, or hydrogen iodide. More preferably, the halogen source is 
hydrogen chloride. The contacting with the halogen source is typically conducted at a 
5 temperature greater than about 100'*C and less than about SOO'^C. Typical pressures for the 
contacting with the source of halogen range from about ambient atmospheric pressure to 
pressures less than about ISO psia (1,034 kPa). 

As noted hereinabove, the rare earth oxyhalide (MOX) compound can be converted 
into the rare earth halide (MX3) compound by treating the oxyhalide with a source of 

10 halogen. Since the oxidative halogenation process of this invention requires a source of 
halogen, it is possible to contact the rare earth oxyhalide with a source of halogen, such as 
chlorine, in the oxidative halogenation reactor to form the MX3 catalyst in situ . 

The oxidative halogenation, and optional dehydrogenation, process of this invention 
can be conductddlh areactor of any conventional design suitable for gas or liquid phase 

15 processes, including batch, fixed bed, fluidized bed, transport bed, continuous and 

intermittent flow reactors, and catalytic distillation reactors. The process conditions (for 
example, molar ratio of feed components, temperature, pressure, weight hourly space 
velocity), can be varied widely, provided that the desired halogenated C3+ hydrocarbon 
product, preferably mono- or di-halogenated C3+ hydrocarbon product, and optionally, the 

20 desired olefinic product, are obtained. Typically, the process temperature is greater than 
about lOO^'C, pref«ably, greater than about I50**C, and more preferably, greater than about 
200'X::. Typically, the process, temperature is less than about dOO^'C, preferably, less than 
about SOC^C, and more preferably, less than about 450**C. Ordinarily, the process can be 
cdnducred at'atmo^ 

2 si i;^ desired;: ^gr^erabl>% Aapressvu^isigqu^ ^ j^ale!|||ia^ psiaM[9^JJ?a^ |^ss^^ 

than about.150 psia (1,034 kPa), Typically, Ae total weighs (WHSV) 
of the feed (reactant hydrocarbon, source of halogpn, optional source of oxygen, and 
optional diluent) is greater than about 0. 1 gram total feed per g catalyst per hour (h '), and 
preferably, greater than about 1 h''. Typically, the total weight hourly space velocity of the 

30 feed is less than about 1,000 h'', and preferably, less than about 1 00 h ' . 

If the oxidative halogenation and optional dehydrogenation process is conducted as 
described hereinabove, then a halogenated hydrocarbon product is formed that has three or 
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more carbon atoms and a greater number of halogen substituents as compared-with the 
reactant hydrocarbon. Halogenated hydrocarbon products beneficially produced by the 
process of this invention include halogenated alkanes and halogenated alkenes, including, 
without limitation, chloropropane, allyl chloride, dichloropropane, bromopropane, 
5 dibromopropane, allyl bromide, trichloropropane, tribromopropane, and 

bromochloropropane. Preferably, the halogenated C3+ hydrocarbon product has C3-20 
carbon atoms, more preferably, C3.10 caibon atoms. In another preferred embodiment, the 
halogenated C3+ hydrocarbon product is a mono- or di-halogenated C3+ product. Most 
preferably, the halogenated hydrocarbon product is dichloropropane or allyl chloride. In 
10 another preferred aspect of this invention, the halogenated alkene product that is formed is 
selectively halogenated at a terminal carbon position. 

In addition to the halogenated C3+ hydf ocari)on product, the process of this 
invention may optionally produce one or more olefins having three or more carbon atoms, 
non-limiting examples of which include pfopene, butenes, and higher homologues thereof. 
15 Dienes, as well as monoolefins, may be produced. Preferably, the C3+ olefinic product has 
C3-20 carbon atoms, more preferably, C3.10 carbon atoms. More preferably, the C3+ olefinic 
product is propylene. 

Typically, in the process of this invention, the nimiber of carbon atoms in the 
reactant hydrocarbon is essentially conserved in the halogenated hydrocarbon product and 
20 the olefinic product. As the carbon chain in the reactant hydrocarbon is lengthened, 

however, then the possibility increases that some cracking may occur leading to halogenated 
hydrocarbon products and olefins of shorter chain length, as compared with the reactant 
hydrocarbon. 

In another aspect of this invention, any olefin in the effluent stream, such as propene, 
' : ^ the oxidativei^ 

hklogdriatiori p^^ h>^cmt)Oiis 
aliyi^liidridei^ tikewise; my 1^ 

stream may be separated firom the olefin products and recycled to the oxidative halogenation 
process for fiirther processing to form olefinic product, such as propene. The product to be 
30 recycled shall depend upon the desired end-product that is to be maximized. 

For the purposes of the description herein, "conversion" shall be defined as the mole 
percentage of reagent that is converted in the oxidative halogenation process of this 
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invention into product(s). Reference may be made to "conversion of reactanLC3+ 
hydrocarbon," or "conversion of source of halogen," or "oxygen conversion." Conversions 
will vary depending upon the specific reactant, specific catalyst, and specific process 
conditions under consideration. Typically, for the process of this invention, the conversion 
5 of reactant hydrocarbon is greater than about 5 mole percent, preferably, greater than about 
1 5 mole percent, and more preferably, greater than about 30 mole percent. Typically, for the 
process of this invention, the conversion of the source of halogen is greater than about 10 
mole percent, preferably, greater than about 25 mole percent, and more preferably, greater 
than about 35 mole percent. Typically, the oxygen conversion is greater than about 10 mole 

10 percent, preferably, greater than about 20 mole percent, and more preferably, greater than 
about 40 mole percent. 

For the purposes of this invention, "selectivity" shall be defined as the mole 
percentage of converted reactant hydrocarbon that is converted into a specific product, such 
as a halogenated hydrocarbon product, olefinic product, or oxygenated by-product, such as 

15 CO or CO2. In the oxidative halogenation process of this invention, the selectivity to 

halogenated hydrocarbon product, preferably, dichloropropane or allyl chloride, is typically 
greater than about 15 mole percent, preferably, greater than about 25 mole pCTcent, and 
more preferably, greater than about 30 mole percent. Likewise, the selectivity to olefin is 
typically greater than about 15 mole percent, preferably, greater than about 25 mole percent, 

2 0 and more preferably, greater than about 35 mole percent. Advantageously, the oxidative 
halogenation process of this invention produces essentially no perhalogenated products, 
such as, hexachloropropane, which have lower commercial value. As a fiirther advantage, 
in preferred embodiments of this invention, low levels of oxygenated by-products, such as 
COx oxygenates (CO and CO2) are produced. Typically, the total selectivity to carbon 
I 2Si\ . mpriQxicie^^ 

20 mole pejrcent, and more preferably, less than about 15 mole percebt. 

The following exainple is provided as an illustration of the probess of this invention; 
but the example should not be construed as limiting the invention in any manner. In light of 
the disclosure herein, those of skill in the art will recognize alternative embodiments of the 

30 invention that fall within the scope of the claims. 
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Example 1 

A catalyst composition comprising a porous lanthanum oxychloride was prepared as 
follows. Lanthanum chloride (LaCIj 7 H20, 15 g) was dissolved in deionized water (100 
ml) in a round-bottom flask. Ammonium hydroxide (6 M, 20 ml) was added to the 
lanthanum chloride solution with stirring. The mixture was centrifiiged, and the excess 
liquid was decanted to yield a gel. In a separate container, calcium lactate (0.247 g, 0.0008 
moles) was dissolved to form a saturated solution in deionized water. The calcium lactate 
solution was added with stirring to the lanthanum-containing gel. The gel was dried at 1 20° 
C overnight. A dried solid was recovered, which was calcined under air in an open 
container at 550°C for 4 hours to yield a porous lanthanum oxychloride catalyst (6.84 g). X- 
ray dififraction of the solid indicated the presence of a quasi-crystalline form of lanthanum 
oxychloride. The surface area of the catalyst was 47 m^/g, as measured by the BET method. 

The catalyst prepared hereinabove was crushed to 20 x 40 US mesh (0.85 x 0.43 
mm) and evaluated in the oxidative chlorination and dehydrogehatibn of propane as follows. 
A tubular, hidcel alloy reactor, having a ratio of length to diameter of 28.6/1 {6 inches 
(15.24 cm) X 0.210 inches (0.533 cm)} was loaded with catalyst (2.02 g). The reactor was 
fed a mixture of propane, hydrogen chloride, and oxygen in the ratios shown in Table 1 . 
The operating temperature was 400°C, and the operating pressure was atmospheric. The 
exit gases were analyzed by gas phase chromatography. Results are set forth in Table 1 . 
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From Table 1 it is seen that the lanthanum oxychloride catalyst is capable of catalyzing 
the oxidative chlorination and dehydrogenation of propane predominantly to allyl 
chloride and propene. The catalyst produces lesser amounts of deep oxidation products, 
such as carbon monoxide and carbon dioxide. 

The experimental results presented in Table 1 illustrate the invention under the 
above-disclosed process and analytical conditions. One skilled in the art will recognize 
that other results may be obtained depending upon the specific process and analytical 
conditions employed. 
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CLAIMS: 

1 . A process of oxidative halogenation and optional 
dehydrogenation comprising contacting a reactant hydrocarbon having three or more 
carbon atoms, or a halogenated derivative thereof, with a source of halogen and, 

5 optionally, a source of oxygen in the presence of a catalyst under process conditions 
sufficient to prepare a halogenated hydrocarbon having three or more carbon atoms and 
having a greater number of halogen substituents as compared with the reactant 
hydiocaibon, and optionally, an olefin having three or more carbon atoms, the catalyst 
comprising a rare earth halide or rare earth oxyhalide substantially fiw of iron and 
10 copper, with the proviso that when cerium is present in the catalyst, then at least one 
other rare earth client is also present in the catalyst 

2. The process of Claim. 1 wherein the reactant hydrocarbon is 
selected fi-om C3.20 hydrocarbons. 

3 . The process of Claim 1 or 2 wherein the reactant hydrocarbon is 
15 propane or propene. 

4. The process of any one of Claims 1 to 3 wherein the source of 
halogen is selected fcom the gtoi^ consisting of elemental halogens, hydrogen halides, 
and halogoiated hydrocarbons having one or more labile halogoi substituents. 

5. The process of any one of Claifns 1 to 4 wherein the ?oiM-ce of 
20 halogen is elemental chlorine, el«nental bromine, or hydrogen chloride. 

6. The process of any one of Claims 1 to 5 wherein the process is 

conducted at a molar raido of source of halogen to reactant hydrocarbon of greater than 

■if,-- i-. vs.f-. x'fii-.m'ii^tP^-lK'^'-frt 4-;rr-:rr2i*:;;-'i-;-4ssf!:> vi?J:-/,ir.>>^Xv---y.-t?;t?''' -VV;'-*A.-;-;'. .-' -r.- ■• 

1/1 to i^SS than 20/lT V '■--'•^^■'■'-:^V:y'- ■'^H^-''ry:.,-'----i-^' ^ ;^;n:4i^^:.-•^;^v:;-^pJ^'H•^<•^^^ 

, ■,;^7, The process of any one of Claims 1 to 6 vyhCTeinvthe proQ^s further 
25 comprises oxygen. 

8. The process of Claim 7 wherein the source of halogen is 
provided essentially in a stoichiometric amount with respect to the source of oxygen. 

9. The process of Claim 7 or 8 wherein the source of oxygen is 
selected from the ^oup consisting of molecular oxygen, air, or oxygen-enriched air. 
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10. The process of any one of Claims 7 to 9 wherein the process is 
conducted at a molar ratio of reactant hydrocarbon to source of oxygen of greater than 
2/1 and less than 20/1. 

11. Th^.process of Claim 1 wher^^^ 

diluent selected from the group consisting of nitrogen, helium, argon, carbon monoxide, 
carbon dioxide, methane, and mixtures thereof. 

12. The process of Claim 1 1 wherein the diluent is used in an 
amomt that is greater than 10 mole percent and less than 90 mole percent, based on the 
total moles of reactant hydrocarbon and diluent. 

1 3. The process of any one of Claims 1 to 1 2 wherein the rare earth 
halide has a BET surface area greater than S mVg. 

14. The process of any one of Claims 1 to 1 3 wherein the rare earth 
halide is represented by the formula MX3, wherein M is at least one rare earth element 
selected from the group consisting of lanthanimi, cerium, neodymium, praseodymium, 
dysprosiimi, samarium, yttrium, gadolinium, erbium, ytterbium, holmium, terbium, 
europium, thuliunti, lutetium, and mixtures thereof; and wherein X is chloride, bromide, 
or iodide. 

15. The process of Claim 14 wherein X is chloride, and M is 
lanthanum or a mixture of lanthanum with other rare earth elements. 

1 6. The process of any one of Claims 1 to 1 5 wherein the rare earth 
oxyhalide support has a BET surface area greater than 12 m^/g. 

v; V, C : PR^P?!^^^^ 16 Syheran 

oxyhalide support is represented by the formula MOX, wherein M i^ ai least biie rare " 
eairth selected if oni^ 

praseodymium, dysprosium, samarium, yttrium, gadolinium, erbium, ytterbium, 
holmium, terbium, europium, thulium, lutetium, and mixtures thereof; and wherein X is 
chloride, bromide, or iodide. 

18. The process of Claim 1 7 wherein X is chloride, and M is 
lanthanum or a mixture of lanthanum with other rare earth elements. 
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1 9. The process of any one of Claims 1 to 1 8 wherein the catalyst is 
bonded to or extruded with a support. 

20. The process of any one of Claims to 1 to 1 9 wherein the process 
is conducted at a temperature greater than 100°C and less than 600X. 

5 21. The process of any one of Claims 1 to 20 wherein the process is 

conducted at a pressure equal to or greater than 14 psia (97 kPa) and less than 150 psia 
(1,034 kPa). 

22. The process of any one of Claims 1 to 2 1 wherein the process is 
conducted at a weight hourly space velocity of total feed, comprising the reactant 

10 hydrocarbon, the source of halogen, the optional source of oxygen, and an optional 
diluent, of greater than 0.1 h'* and less than 1,000 h'*. 

23. The process of any one of Claims 1 to 22 wherein an~61eiih is 
produced as a co-product. 

24. The process of any one of Claims 1 to 23 wherein the halogenated 
15 hydrocarbon product is recycled to the process for conversion into olefinic product. 

25. The process of any one of Claims 1 to 23 wherein an olefin is 
produced as a co-product and is recycled to the process for conversion into halogenated 
hydrocarbon product. 

26. A process of prq)aring allyl chloride and propylene comprising 
20 contacting propane with a soiirce of chlorine and a source of oxygen in the presence of 

a catalyst at a temperature greater than 150°C and less than 500'*C such that allyl 
chloride and co-product propylene are formed, the catalyst comprising a rare earth : 
halide or rare earth oxyhalide compound ffiat is essentially ifree of iron and copper, with 
the proviso that when cerium is present in the catalyst, then at least one rare earth 
25 element is also present in the catalyst. 

27. The process of Claim 26 wherein the catalyst is a rare earth chloride 
or rare earth oxychloride. 

28. The process of Claim 26 or 27 wherein the rare earth is lanthanum. 
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29. The process of any one of Claims 26 to 28 wherein the co-product 
propylene is recycled to the process to maximize the production of ally] chloride. 

30. The process of any one of Claims 26 to 28 wherein allyl chloride 
product is recycled to the reactor to maximize the production otpropylcne. 
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